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Abstract 
 
G-protein-coupled receptors (GPCRs) are the most diverse membrane proteins in eukaryotes 
that transmit chemical signals to the cell. GPCRs are considered the largest family of targets 
for approved drugs on the market. Sphingosine 1-phosphate receptor 1 (S1P1), a widely 
expressed GPCR protein in many cell types, performs signal transduction function not only in 
the monomeric state but also in the dimeric or complex oligomeric states. However, the detail 
of the S1P1 assembly is still not clearly understood. Cholesterol is believed to affect S1P1 
dimerization, but the details of the cholesterol-binding sites with S1P1 are not well 
understood. In this project, we employ the recently developed Protein AssociatioN Energy 
Landscape (PANEL) method to investigate S1P1 dimer formation in cholesterol containing 
membrane. The results of this study can be used to drive theoretical and experimental trials in 
the study of GPCR oligomers, as well as in the study of transmembrane protein - protein 
interactions in general. 
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G Protein-Coupled Receptors (GPCRs). GPCRs are the largest family of membrane 
receptors. They consist of seven a - helical transmembrane helixes (TM) that crossed from 




as well as being 
responsible for vision, 
olfaction and taste.2 
As its essential role 
for cell communication, GPCRs related drug discovery is considered a promising area of 
research, they occupy about half of the current therapeutic drugs in the market, and most of 
them are approved as drug products with the greatest sales revenues.3, 4 In early 2000s, 
GPCRs were believed to function as monomers. However, a continuously growing number of 
studies have suggested that GPCRs function as monomers and heterodimers or homodimers, 
which affect their signaling and trafficking. 5-8 Although the existence of GPCR dimers and 
oligomers is now well accepted, there is a gap between the structural conformation and their 
functional importance. Moreover, an increasing number of studies suggest that their 
dimerization is modulated by the membrane composition they embedded, which is also a 
promising field of GPCRs research.  
 
Sphingosine-1-phosphate receptor 1. Sphingosine-1-phosphate (S1P) is a bioactive 
metabolite of plasma membrane sphingolipids. The different S1P levels in specific body 
Fig. 1. Structure of a GPCR embedded in cell membrane (shown in blue), 
consisted by an extracellular N-terminus (blue), followed by seven TMs, and 








fluids are steady, which is essential to regulating immune cell trafficking, maintaining the 
cardiovascular system, and the gap-junctional communication of neural cells in the central 
nervous system. 9-13 S1P binds to a family of five related GPCRs Sphingosine-1-phosphate 
receptor 1 to Sphingosine-1-phosphate receptor 5 (S1P1-S1P5), of which the S1P1 receptor is 
wildly expressed and the most extensively investigated. 14 From the experimental results, 
S1P1 is believed to form heterodimer and homodimer to perform its biological functions. 15 
Moreover, some computer simulations show that the oligomerization of S1P1 is dynamic and 
affected by membrane composition. It can form monomer, dimer, trimer, and even more 
complicated oligomers, among which the monomer is the most common one. 16 However, to 
date, there is no research reporting the details of S1P1 dimerization and its factors. 
 
Cholesterol. Membrane lipids play essential roles in membrane protein dynamics and 
functions. Phospholipids, sphingolipids, and cholesterol constitute major lipid compositions 
of cell membranes, and their contents in each site of the cell are different and perform the 
specific tasks. 17 Among all membrane lipids, cholesterol, which has a tetracyclic fused ring 
and an isooctyl side chain, is believed as one of the most significant membrane effects and 
has been extensively studied and discussed. For example, the serotonin1A receptor’s stability 
is reported to be determined by cholesterol content.18 Besides, several computational studies 
have investigated the molecular effects of cholesterol on GPCR dimerization. According to 
these cholesterol studies, high or low cholesterol content in the membrane drives different 
TMs combinations at the dimer interface, affecting the dimer structure. Moreover, the 
cholesterol molecules were observed to be temporarily stacked near the TMs at the dimer 
interface, which may affect the GPCRs functions.19-21 However, these effects appear to be 
receptor-specific, the TM interactions, the membrane composition, and the dimer interfaces 








cholesterol effect for S1P1. Although these studies show the importance of cholesterol in 
GPCR dimerization, the exact molecular mechanism underlying this remains unclear. There 
isn’t significant work to show cholesterol binding sites in the literature. This article discusses 
the cholesterol effects of S1P1 dimer conformation and tries to explain its mechanism. 
 
Significance. Since GPCRs are a large family of membrane proteins, although they share 
some characteristics, the determinations of their functions and dimerization are different. The 
current researches provide their results and conclusions for specific GPCR that they studied, 
which could be a reference for our project. However, a conclusion from a GPCR cannot be 
applied to another GPCR directly, especially for GPCRs in different families. S1P1 has been 
extensively studied for its important role in drug assembly, while few studies discuss its 
dimerization. Understanding the S1P1 dimerization is crucial for drug delivery. For instance, 
Fingolimod (FTY720) is an oral medication that targets S1P1 receptors on immune and 
neural cells to suppress neuroinflammation. 25, 26 However, the association for S1P1 and 
FTY720 still unclear. Current studies of this field focus on the interaction of FTY720 with 
S1P1 monomer, while the S1P1 dimer has not been discussed. Since S1P1 has already 
suggested to function as a monomer and as oligomers, it would be interesting to study the 
interaction between FTY720 and S1P1 dimers. On the one hand, the association between 
FTY720 with S1P1 monomer or dimer could be different, which can be a key determinant for 
their interaction and thus make drug diffusion progress. On the other hand, this study’s 
method is capable of predicting the dimer interface, which can be a reference for other 
GPCRs studies.  
Cholesterol is a big part of the cell membrane, which composes about 30% of 
membrane lipids. However, there isn’t significant work to show cholesterol binding sites in 








dimerization. Several studies focused on cholesterol content in the membrane, which asserted 
that the different dimer interface was determined by high or low cholesterol content. 18, 19 
However, this conclusion seems too extreme, since the content should not be the only factor 
determining the cholesterol effects. Besides, cholesterol was observed to stacking near the 
GPCR dimer interface, 19, 21 which suggested it plays a big part in dimerization. According to 
these conclusions, the cholesterol does not just interact with GPCR dimers, but also with 
GPCR monomer. Therefore,  it would be a better way to study its effects starts from 
monomer and focus on its interaction with each TM, then move to its role in dimerization. If 
we figure out the cholesterol effects through our research about the S1P1, it would be an 




Membrane Proteins. Cell membranes consist of various lipids and membrane proteins. 
Lipid molecules form a bilayer where the hydrophobic acyl chain tails exist in the interior 
and the hydrophilic head groups facing outside. Since big substrates such as sugars and ions 
have difficulties passing the hydrophobic membrane core, membrane proteins play important 
roles in the transition of substrates. Besides, membrane proteins are also responsible for cell 
communication as the signal receptors. Although atomistic structural information of 
membrane proteins can significantly contribute to our understanding of such biological 
phenomena, their structure determination using X-ray, NMR, and cryo-EM techniques is still 
extremely challenging compared to soluble proteins.32 Moreover, studies show that 
membrane proteins' structures undergo significant shape changes during their functional 
cycles, implying that a single structure corresponding to just one of the possible functional 









Molecular Dynamics. Molecular dynamics (MD) simulation is a general computational 
tool to explore relationships between structure, dynamics, and biomolecules' function. 32 It 
has been applied to biomolecules, especially in the cell membrane and membrane proteins. 
For biomembrane studies, most MD simulations before 2000 focused on simple phospholipid 
bilayers, such as DPPC (dipalmitoylphosphatidylcholine) or DOPC 
(Dipalmitoylphosphatidylcholine) bilayers.  33 MD simulations of membrane proteins are 
making rapid progress because of advances in computer hardware and simulation algorithms 
and the new high-resolution structures.  34 Today, MD simulations are applied to many 
membrane proteins that similar to the realistic cellular membrane environments and capable 
of investigating structure dynamics on the time scale of microseconds.  32 Although MD is 
powerful and advanced, some dynamic phenomena of a realistic environment are still too 
complex to be simulated by conventional all-atom MD simulations. The limitations come 
from the time scale and the space scale. However, at the molecular level, increasing several 
nanoseconds of time or nanometers of length can cause incredible computer calculations. 
There are two possible ways to potentially overcome these issues: using a simpler molecular 
model to simulate and making more efficient algorithms. Sometimes these two ways can be 
combined to overcome the limitations. 
 
Atomistic Model. There are three types of MD models in biomembrane simulations: 
atomistic model, coarse-grained (CG) model, and atomistic/CG mixed model. One atom is 
described in atomistic models by one particle with a certain mass, a partial charge, and a van 
der Waals radius. The details included in this design level allow for simulations of accurate 
interactions and a good view for analyzing various biological systems.  However, due to the 








and with the techniques used in molecular dynamics, this increases computational demand. 36 
Today’s computer technology is not sufficient for calculations on a big-time and space scale, 
so atomistic models have some limitations. 
 
Coarse-grained (CG) Model. In general, atomistic models are the most accurate, but it is 
computationally the most expensive. Different coarse-grained strategies have been developed 
to simplify the representation of proteins, water, and lipids to extend the simulation time 
scales. One of the most popular models is the Martini model developed by Marrink and co-
workers. 37 In the Martini model, four heavy atoms and their associated hydrogen atoms are 
grouped into a single bead (four-to-one mapping). This model reduces the resolution of the 
representation of a system of interest by discarding degrees of freedom, and individually 
atomic properties are averaged. The Martini force field allows for the representation of 
complex biomolecular systems by using the twenty possible types of beads. 37 Furthermore, 
there is a method to keep both the long-time CG model scale and the accurate structure 
information of the atomistic model, which is called the reverse map. Based on the 
CHARMM-GUI, 31 a CG structure can be reversed changed to its atomistic structure for 
further analysis. 
 
Protein Associated Energy Landscape (PANEL) Method. The PANEL method, 
developed by Nandhini Rajagopal and Dr. Shikha Nangia in our group, 24 is used to study the 
dimer conformations by analyzing their minimum energy and population landscapes. In 
PANEL, the protein1-protein2 orientations from 0 to 360 ̊ are generated randomly from 
multiple initial configurations with protein dimers within the van der Waals interaction 








transmembrane proteins’ conformations, and samples the rotational space around each 
interacting protein (Fig. 2a), finally obtains extensive data set of possible pair conformations 
using a combination of stochastic sampling and equilibration simulations. 24 The stability of 
each resulting protein-protein association is quantified by their nonbonded interaction 
energies to generate a potential energy profile for all orientations. Each of the initial 
orientations is random and uniformly distributed in the rotational space. Each seed geometry 
goes a short molecular dynamics simulation to yield a set of equilibrium conformations 
without constraints. Initial seed geometries are used to overcome high energy barriers that are 
present with other methods for protein self-assembly. In general, a PANEL randomly 
generates thousands of dimeric protein geometries (∼2500) with different rotation angles, 
each geometry goes through MD simulation for the same parameters and yield final 
landscapes for energy and population. Based on the PANEL, we can find several stable 
conformations (with low energies), as well as some common conformations (with high 
frequencies), and observe the geometries of these conformations to make some general 
comments for S1P1 dimer.  
Fig. 2. A view of the quantification of the rotational space around protein 1 and protein 2 in 
PANEL. (a) The orientations for protein 1 and protein 2 from 0 to 360 ̊. (b) Grid spacing 









Previous Simulations about GPCR dimers. In general, there are basically two methods 
to study the GPCR dimers: resonance energy transfer (RET) techniques and computational 
MD simulations. 38  RET techniques are powerful tools to study protein assembly, but the 
interpretation of RET efficiencies is challenging because different efficiencies can result from 
either an increased or decreased number of receptor oligomers, which may cause the 
conformational changes. 38 Martini CG model, as we discussed, increases time and length 
scales and concentrates on the lipid−protein interactions on GPCR behavior in biological 
membranes, has proven to be a reliable tool to investigate the GPCR dimers. There are a lot 
of studies that have used this method to propose their conclusions in terms of the GPCR 
dimers interface, and many of them have been tested and supported by the experimental 
researches. 
The GPCR dimer association's structural features appear to be receptor-specific; the 
interfaces between specific GPCRs could be different. For instance, a class C GPCR, GABA 
receptor, is reported to form the dimer through the extracellular loop primarily, its dimer 
interactions are caused by the interactions of domains in the extracellular part. 39 In contrast, 
another class C GPCR, the metabotropic glutamate receptor, is reported to dimerize in both 
the extracellular domain and the TM helix. 40 Moreover, as we talked, the GPCRs are 
concisted of seven TMs across the cell membrane, the GPCRs consist of seven TMs across 
the cell membrane, the TM interactions among different kinds of GPCRs are also receptor-
specific. Periole et al. 41 have proposed that rhodopsin changes the membrane thickness at the 
membrane-protein, local thickening of the membrane was observed near the TM2, TM4, and 
TM7 while thinning was shown near TM1, TM5, and TM6. The membrane's thickness 








were formed by TM1,2 /TM1,2, TM4/TM5, or TM6/TM7. Another computational group 
studied the adrenergic receptors β1AR and β2AR, which asserted that TM1, TM4, and TM5 
were most frequently involved in dimer interactions. 42 Among those researches, it is hard to 
make a general conclusion for TM interactions in GPCR dimers, but the interactions between 
TM1, TM2, and TM4 seem to be involved in many GPCR dimers. 
 Furthermore, several researchers investigate the cholesterol effects for the GPCR 
dimers, which indicate that cholesterol-GPCR interactions might be vital for the stability of 
the GPCR dimers. In the case of the β2AR, two cholesterol molecules were bound to a 
domain in TM and thereby increased the packing interactions between TM4 and the rest of 
the helix bundle in TM4, yielding an overall increased thermal stability. 38  According to their 
conclusion, the cholesterol seems to be able to strengthen the TM interactions by binding to a 
specific domain and increasing its connections with another TM. However, the cholesterol 
effects for specific TMs in the same protein were also different, which might be determined 
by the content of cholesterol. There was another group investigated the β2AR, which 
observed that increasing levels of cholesterol reduce the involvement of TM4 at the dimer 
interface but enhance the influence of TM1 and TM2. 20 Because of cholesterol binding to 
TM4, the TM4,5/TM4,5 interface, which was observed for the β2AR dimer in a membrane 
system without cholesterol, was blocked. In contrast, increasing levels of cholesterol (9–
50%) shifted the dimer structures from TM1,2/TM4,5 interaction to a TM1,2/TM1,2 
interface. It seemed cholesterol stopped TM4 interacting with other TMs but facilitated TM1 
and TM2, while the other group asserted the cholesterol stabilized the dimer by binding to 
TM4, so there were some divergencies about the cholesterol effects for GPCR dimers and 










Build the membrane system. We created two membrane lipids compositions in this 
study, the ER system, and the ERc system. In the ER system, the upper leaflet composed of 
DPPC: DOPC (1:1), the lower leaflet also composed of DPPC: DOPC (1:1). While in the 
ERc system, the upper and lower leaflet are both composed of DPPC:DOPC: CHOL (2:2:1). 
The parameters for DPPC, DOPC, and CHOL were obtained from the MARTINI webpage. 
(http://cgmartini.nl/) The membrane builder insane.py created the systems. The ERc system 
is more close to the real plasma membrane; however, the reason we use the ER system at first 
is to test the CHOL affinity for TMs and select an initial geometry for later simulation. 
 
MD simulation. All MD simulations were performed using the GROMACS 2018 package. 
27 The CG protein structure was obtained by martini.py. There were four steps for a MD 
process: 1) Energy minimization (EM); 2) isothermal-isochoric (NVT) for 25 ns; 3) 
isothermal-isobaric (NPT) for 25 ns; 4) Production MD run for 500 ns. The temperature was 
maintained at 310.15 K, the v-rescale28 thermostat with τt = 1 ps; a semi-isotropic pressure of 
1 bar was maintained using Berendsen barostat29 with a τp = 5 ps during the simulations. For 
the production MD run, a v-rescale thermostat and a Parrinello-Rahman barostat30 were used 
with τt = 1 ps and τp = 12 ps. All runs were performed with a 20 fs time step. The non-
bonded van der Waals and Coulomb interaction cutoffs were set to 1.1 nm. Three-
dimensional periodic boundary conditions were applied to each system. The interaction 
energies between the protein dimers were computed by defining each protein's energy groups 









Setup the PANEL. The scripts in the PANEL package performed all the PANEL 
processes. 24 The initial distance between the two proteins (center of mass) was computed as 
4.6 nm. The CG structure of S1P1 is composed of 754 beads, but since we selected a 
structure that S1P1 with three CHOL molecules (8 beads for each) as the input so the total 
beads for the initial structure were 778. We chose TM1 as the zero angle index, in which the 
residue number was 47-68. After the setup, 2344 dimer configurations were created 
randomly, and they all run for MD, the parameter files for MD were the same. For the post 
processing after MD run, LJ interaction between the homodimer was “echo 47”. This step 
gave us the text files for making the plots, and the final step was generating four plots: 
minimum energy landscape, average energy landscape, population landscape, and coverage. 
 
Analysis. The CG structures were viewed in VMD when selecting and observing the 
geometries. We did the reverse map from the CG structure to the atomistic structure for better 
appearance, which was performed using CHARMM-GUI 31. PyMol software was used to 











Initial configuration selection 
 
Fig. 3. Details of the initial configuration selection. (a) CG model of S1P1 monomer. (b) S1P1 is packed 
up by cholesterol molecules (shown in black beads). (c) S1P1 and cholesterols are embedded into 
membrane (membrane lipids are shown in blue and white beads). (d) Selected configuration after 
simulation, S1P1 with three cholesterols near it. 
 
Recent research has shown that cholesterol plays an important role in the TM interactions of 
the protein, but there isn’t significant work to show cholesterol binding sites in the literature. 
19, 21 To study the cholesterol effects for S1P1, we simulated S1P1 monomer to find the 
cholesterol inclination of specific TMs. There were two steps “packing up”: 1) S1P1 
monomer was packed up by 61 cholesterol molecules (Fig. 3b); 2) it was then embedded in 
the lipid bilayer (ER system, DPPC: DOPC = 1: 1) (Fig. 3c). Both of them were created using 
insane.py. After “packing up”, the system was simulated for 5s. We tracked the trajectories of 
these cholesterols during the simulation, most of them kept moving randomly, but three 
locations occupied by them for most of the time: the groove between TM1 and TM2, the 
groove between TM1 and TM7, and the groove between TM4 and TM5 (Fig. 3d). Moreover, 
each TM's cholesterol frequency was counted based on the distance between residues and 
cholesterol (Fig. 4). The cholesterol molecules were moving randomly during the simulation 
of total 5μs, most of them stayed near TM1, while few stayed near TM3, the frequencies for 
TM2, TM4, TM5, TM6, TM7 seemed to be closed(fig. 4a). However, it was hard to pick 
cholesterol molecules as the initial structure based on this, because it would be too many if 








frequencies for the last 1 s (fig. 4b), which TM1 also showed high frequency, and TM2, 
TM4, TM7 showed higher frequencies than others. Based on trajectory tracking and 
frequency analysis, we believed there were interactions between cholesterol and residues in 
these groove locations, so a configuration that a S1P1 with three cholesterol near it (snapshot 
of 4686 ns) was selected to be the initial structure of the PANEL (Fig. 3d).
 
Fig. 4. Cholesterol frequency of all residues. Seven peaks represent seven TMs, and the frequency will be 
counted when the distance between cholesterol and residue is less than 0.6 nm. (a) The frequency of total 





The selected initial configuration was simulated for 3s in the ERc (DPPC: DOPC: CHOL = 
2:2:1) system via PANEL, and the result of the energy landscape was shown in Fig. 5a. It is a 
rugged interaction energy landscape as a function of the rotational coordinates (θ, θ′). The 
energy values range from −2141 kJ mol−1 at (28°, 81°), the lowest energy structure to higher 
energy values up to 0 kJ mol−1 . There are many red regions that have high energy and blue 
regions with low energy. Besides, the result of frequency landscape is shown in Fig. 5b, 
which ranges from 0 to 733 at (106°, 159°). In general, we think the low energy 
conformations are preferred because they are stable; likewise, the high-frequency 








story here, however, for S1P1 dimer. As shown in Fig. 3, region 1 has the minimum energy 
conformation (−2141 kJ mol−1), but the frequency of region 1 is low (16); in contrast, region 
3 has the highest frequency (733), while the energy is high (−965 kJ mol−1); region 2 has the 
conformation with moderate energy (−1236 kJ mol−1) and moderate frequency (519). 
 
Fig. 5. PANEL results of S1P1 dimer. (a) Energy landscape. (b) Frequency landscape. 
 
 
Analyzing Sticking Cholesterol 
 
To explain the divergency of energy and frequency landscapes, we looked into the specific 
structures in those regions and tracked their trajectories. When we observed cholesterols, they 
were not moving around as they did in the S1P1 monomer; instead, several cholesterols were 
sticking at the dimer interface. These cholesterols were put into the dimer interface locations 








Fig. 6, structure (a) has three sticking cholesterols, structure (b) has only one sticking 
cholesterol, structure (c) has no sticking cholesterol; likewise, as we talked above, the 
energies are (a) < (b) < (c). Therefore, we think the sticking cholesterols at the interface make 
the dimer stable and decrease the energy. However, considering the frequencies of these three 
Fig. 6. Side views and top views of structures a, b, c in region 1, 2, 3. There are three sticking cholesterols 
in structure a (shown in black, wheat, and pink beads), one sticking cholesterol in structure b (shown in 









regions are (a) < (b) < (c), it is believed that the frequency of cholesterols sticking to certain 
positions at the dimer interface is low. In other words, although the frequency is low, 
cholesterols will support the TM interactions and make the dimer stable as long as they arrive 
at the right positions. 
 
Cholesterol Effects  
 
We looked into two more conformations in region 1 compared with structure (a) to 
understand the cholesterol effects further. They all came from region 1, as we talked in the 
PANEL energy landscape, their angles of the two proteins were close, so their dimer 
geometries were similar. Nevertheless, the minimum energy of them were −1458 kJ mol−1 of 
structure (a’) and −1422 kJ mol−1 of structure (a’’), which were higher than −2141 kJ mol−1 
of structure (a). Moreover, we checked their geometries as shown in Fig. 7, which indicated 
the different sticking cholesterols that structure (a) had three while structure (a’) and structure 
(a’’) had only one. Since the geometries of them are similar, the reason why their energies are 
different is most likely to be the cholesterol effects. The cholesterols were randomly 
distributed in the system before the MD simulation, three cholesterols were put at the sticking 
locations at the interface for structure (a), but only one cholesterol was put at there for 
structure (a’) and structure (a’’), so they were not as stable as structure (a). Based on that, we 
think not only the geometries determine the dimer stability, but cholesterol also plays an 









Fig. 7. Side views and top views of structures a, a’, a’’ in region 1. (a) The same structure as Fig. 4a, while 
the proteins are changed to gray and cholesterols are shown as red, blue and yellow beads. (b) and (c) are 
structure a’ and structure a’’ in region 1, they have the similar geometries but only have one sticking 




GPCR is a hot topic for its essential role in cell communications, and it has been fairly 
accepted that GPCRs do not exist as a monomer but the oligomers in the plasma membrane. 








dimer regarding its TM interactions, the ratio of dimerization, membrane compositions 
effects, etc. However, GPCRs are the largest family of membrane proteins, so there are many 
subclasses of GPCRs. They are different proteins with different amino acid sequences, which 
have their characteristics. Therefore, the results and conclusions of different GPCRs may not 
be able to apply to each other. For instance, we have seen the studies of serotonin1A receptor 
18 , but their TM interactions are not the same as our S1P1 results. S1P1 is a S1P class GPCR, 
which plays an important role in drug diffusion and has been studied by many researchers, 
while few simulations work about it, especially for S1P1 oligomerization. It would be helpful 
to develop and optimize relevant drug diffusions like FTY 720 25, 26 if we understand the 
mechanism of S1P1 docking. Moreover, the method of this study is able to make some 
predictions for other GPCRs dimerization, which can be a reference for the experimental 
studies.  
 
The PANEL is a method that generates thousands of dimer structures with random angles, 
then gives us the energy and population for each structure after the MD run.24 We think low 
energy remains stable, the high population means probable, so the structures with low energy 
and high population should be the reliable ones. Nevertheless, in this study, there were some 
divergences between energy and population; the low energy ones did not show the high 
frequency, and the high frequency did not show low energy. Earlier, we doubted if there were 
some issues in our simulation because another PANEL project in our group about the claudin 
showed the coincidence with low energy and high population structures. However, later we 
figured out that the population and energy landscapes are not necessarily coordinated. 
Consider the GPRRs are the complex proteins with seven TMs, while the claudins are small 
proteins with only four TMs, so the interaction between the GPCR dimer is much 








speculate they represent the S1P1 may form several dimer structures with different interfaces 
in different tissue organizations. The interactions between these interfaces might be different, 
which perform specific physiological functions. Therefore, the frequencies for them are not 
the same, because the demanded number of proteins for a specific function is different.   
 
The cholesterol is a vital part of membrane lipids composition, and we believe it is not only 
the ratio of cholesterol in the membrane, but the location of cholesterol in the TM also 
determines the dimerization. Some studies have proposed that the cholesterol helps the 
dimerization, the more cholesterol ratio in the membrane, the more cholesterol dimers are 
likely to form, vise versa. However, in this study when we selected the initial structure, we 
found cholesterol molecules had some inclinations for specific TMs of S1P1, some 
cholesterol molecules stayed at the grooves between TM1 and TM2, the groove between 
TM1 and TM7, and the groove between TM4 and TM5 for most of the time during the MD 
run, there must be some interactions between cholesterol and the amino acids sequences in 
these locations. We gave S1P1 dimer the inclination before going through the PANEL, and 
selected three cholesterol molecules in theses location together with S1P1 as the input. As the 
PANEL result shows, the dimer conformations with the minimum energy had the interface of 
TM1 and TM2 of one protein interact with TM4 of the other protein, these TMs were the 
locations that had cholesterol interactions before they formed the dimer, and for most of the 
time, the cholesterol molecules were sticking at the interface, which again supported that 
cholesterol affected dimerization. On the other hand, for the dimer conformations with high 
energy, their interface did not have cholesterol molecules sticking there. We thought the role 
of cholesterol in S1P1 dimerization is helping the dimer formation by sticking near the 
specific TMs at the interface, which made the dimer more stable. The number or ratio of 








Our study method could be used for other protein dimerization simulation studies to 
understand its dimer interface mechanism and cholesterol effects and then make predictions 
of the dimer structure. For the experimental research, the prediction of structure could be a 





This project's future work includes two directions: heterodimerization of S1P family GPCRs 
and trimerization of S1P1. Luckily, the PANEL method can do both. As we talked, S1P 
family GPCRs has five members from S1P1 to S1P5, although S1P1 is the most discussed 
and wildly expressed, the other S1P GPCRs are also essential for cell communications, and 
they could function together as oligomers. Therefore, understanding their heterodimer is 
exciting and important for S1P GPCRs studies. We could find the parameters for S1P2 or 
S1P3 as we got for S1P1, and try to study the interactions between them. It is easy to do as 
long as we get the CG files for them since we only need to change an input when starting the 
PANEL. 
 
On the other hand, S1P1 is proposed to be possible of forming trimer and tetramer, even if 
the percentages are low 16 . We think it is rational when analyzing the energy landscape. Go 
back to Fig 5a, it turns out a S1P1 with a certain angle (for instance, about 80 for q) has 
several low energy conformations with the other S1P1 (30, 180, 350 for q’), which remains a 
S1P1 may interact with more than one S1P1. Exploring the more complicated trimer structure 
will be challenging, but it would be helpful for GPCR oligomer research if we approve 
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